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論 文 要 約 
 
Introduction and Chapter 1 
Proton-transfer reaction is of fundamental importance in chemistry and biology.  It often occurs in 
hydrogen-bonded systems which include some acidic X-H bonds.  As well known, a hydrogen atom 
bounded to an atom of large electronegativity, such as N, O, S, and halogen atoms, is usually regarded as 
acidic (protic).  In contrast, little attention has been paid to the role of CH bonds in proton-transfer 
reaction.   
CH bonds are the most ubiquitous functional group in organic compounds.  CH in a neutral 
molecule is normally regarded as aprotic because of its low acidity.  On the other hand, though neutral 
OH and NH bonds are classified to weakly acidic sites, barrierless proton-transfer reactions from OH 
and NH bonds have recently been identified in ionized molecules.[1]  This finding demonstrates that 
cationic OH and NH are highly acidic.  Similar to cationic OH and NH, remarkable enhancement of the 
acidity of CH may be expected in the cationic state.  In addition, protonated products which would be 
formed through proton-transfer from CH are often seen in mass spectrometry of ion-molecule reactions.  
This also implies enhancement of the acidity of cationic CH. 
In this study, we have studied the infrared (IR) spectroscopy of cationic cyclic ethers 
(tetrahydrofuran (THF) and tetrahydropyran (THP)) [2] and n-alkanes (pentane, hexane, and heptane), 
which are generated through the vacuum-ultraviolet (VUV) photoionization.  The aim of this study is to 
investigate enhancement of the acidities of cationic CH bonds in these molecules and resulting 
proton-transfer from cationic CH.  The mechanism of the acidity enhancement of cationic CH is 
explored through IR spectroscopic and theoretical investigation on the monomer and dimer cations.  
Chapter 2  Methods 
IR spectra of the cations of interest were observed by IR predissociation spectroscopy of 
VUV-pumped ions.[3]  This is size-selective IR spectroscopy of cations, which are generated with the 
VUV photoionization at 118 nm. The spectral measurements were performed by the principle of IR 
predissociation spectroscopy combined with size-selective detection of the parent or fragment ion by 
using mass spectrometric techniques.  
In theoretical calculations, all the stable conformers were initially obtained from the global 
reaction route mapping (GRRM) program [4] at the PBE1PBE/6-31+G(d) level.  Then, the optimized 
structures, energies, vibrational spectra, natural bond orbital (NBO), and spin density were 
re-calculated by the ωB97X-D functional with the 6-311++G(3df, 3pd) basis set. 
Chapter 3  Results and Discussion 
Firstly, we have measured the IR spectra of the neutral and cationic THF dimer in the CH 
stretching vibrational region.  In the observed spectrum of the dimer cation, a broad and intense feature 
appears from 3100 cm-1 to the lower frequency region.  This spectral feature is not seen in the spectrum 
of the neutral.  By comparing with the simulated spectra based on the proton-transferred structures, 
                                       
which are the two most stable structures in the dimer cation, it is found that the proton of the CH bond 
is intermolecularly transferred to the oxygen atom and is shared by the two molecules.  The observed 
broad feature is assigned to the stretch vibration of the shared proton. 
To examine this proton transfer process, the intrinsic reaction coordinate (IRC) calculation of the 
vertically-ionized THF dimer also has been performed.  The IRC potential energy curve shows no 
effective energy barrier exists in the proton-transfer route from the CH bond in the ionized THF dimer.  
These results clearly indicate the CH bond in cationic THF is highly acidic. 
Figure 1 shows the (a) observed and (b) 
simulated IR spectra for the stable structure (depicted 
in the figure) of the THF monomer cation. The 
observed intense band at 2700 cm-1 is assigned to the 
anti-symmetric stretch vibration of the CH bonds next 
to the oxygen atom.  This band is clearly shifted to 
low frequency and its band position is out of the typical 
CH stretch frequency range of saturated hydrocarbons.  
The NBO analysis indicates that the high intensity 
and the low frequency of this band originate from the 
delocalization of the σ electrons of the CH bonds to 
SOMO through the hyperconjugation.  The 
delocalization of the σ electrons increases the positive 
charges of the hydrogen atoms of the CH bonds and 
weakens their bond strengths, so that the proton donor 
ability of the CH bonds is enhanced.  Thus, this low frequency and highly intense band is a 
characteristic of the stretch vibration of the acidic CH bond in the cation.  
Tetrahydropyran (THP) is a six-membered ring 
ether, of which conformation is expected to be different 
from that of THF.  Figure 2 shows (a) the observed IR 
spectrum of the cationic THP monomer and the 
calculated spectra for the (b) chair and (c) twist type 
structures inserted in the figure.  Only these two 
structures are stable in the THP monomer cation.  In 
the observed spectrum, an intense band is seen at 
2855 cm-1.  By comparison of the observed and 
calculated spectra, we assigned the spectral carrier to 
the chair type structure, which is the most stable 
structure.  The observed intense band is assigned to 
the stretch vibration of the CH bond at the γ position, 
indicated by the broken brown circle.  The acidity of 
the CH bond is enhanced because of delocalization of 
Figure 2 (a) Observed IR spectrum of cationic 
THP and (b, c) calculated IR spectra of two 
optimized structures. 
Figure 1 (a) Observed and (b) calculated IR 
spectra of the THF monomer cation. The 
calculated spectrum is based on the optimized 
structure at the B97X-D/6-311++G(3df, 3pd) 
level. The calculated frequencies are scaled by 
0.94.
                                       
the bonding σ electron of CH to the CαCβ bonds and SOMO of the oxygen atom through the 
hyperconjugation.  
To confirm whether the proton transfers also in the THP dimer cation, we have compared the 
observed IR spectrum of the cationic THP dimers with the simulated spectra of the stable structures of 
the dimer cation.  In the observed spectrum of the dimer cation, a broad feature also appears from 3100 
cm-1 to the lower frequency region.  This band is explained by the stretching vibration of the shared 
proton in the proton-transferred type structures. These structures are formed through the 
intermolecular proton-transfer from the CαH next to the oxygen of the ionized moiety, although CH is 
acidic in the THP monomer cation.  We carried out the IRC and GRRM calculations and the electron 
spin density distribution analysis on the THP dimer cation.  These calculations show the proton 
transfer occurs through the acidic site change from CH to CαH after the ionization.   
Alkanes are composed only of carbon and hydrogen and have no non-bonding orbitals.  To 
investigate the CH bond acidity in alkane cations, IR spectroscopy of n-alkane cations with different 
alkyl chain lengths (pentane, hexane and heptane) has been performed and the observed spectra have 
been compared with their calculated spectra.  The IR spectral features indicate the in-plane CH bonds 
(with respect to the plane composed by the carbon atoms) of the cationic alkanes undergo acidity 
enhancements.  These enhancements of the acidities of the CH bonds originate from delocalization of 
the positive charge.  The comparison of the IR spectra shows that the acidities vary with the alkyl chain 
length and the conformations.  These are because delocalization profiles of the charge depend on these 
factors.   
The present study of the cationic cyclic ethers (THF and THP) and n-alkanes (pentane, hexane, 
and, heptane) indicates the cationic CH bonds are highly acidic and IR spectroscopy of CH bonds is 
useful to examine their acidities. 
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